Abstract In this work five sources of galactomannans, Adenanthera pavonina, Cyamopsis tetragonolobus, Caesalpinia pulcherrima, Ceratonia siliqua and Sophora japonica, presenting mannose/galactose ratios of 1.3, 1.7, 2.9, 3.4 and 5.6, respectively, were used to produce galactomannan-based films. These films were characterized in terms of: water vapour, oxygen and carbon dioxide permeabilities (WVP, O 2 P and CO 2 P); moisture content, water solubility, contact angle, elongation-atbreak (EB), tensile strength (TS) and glass transition temperature (T g ). Results showed that films properties vary according to the galactomannan source (different galactose distribution) and their mannose/galactose ratio. Water affinity of mannan and galactose chains and the intermolecular interactions of mannose backbone should also be considered being factors that affect films' properties. This work has shown that knowing mannose/ galactose ratio of galactomannans is possible to foresee galactomannan-based edible films properties.
Introduction
Edible film is a thin layer of an edible material which can be placed on or between food components (Falguera et al. 2011) and can be used with a multipurpose objective (e.g. restrict of moisture loss, control of gas permeability, decrease microbial activity and control the release of functional compounds) while being a fully biodegradable, environmental-friendly packaging system (Arvanitoyannis et al. 1997) . Edible films are envisaged to reduce the amount of synthetic packaging used in some specific applications (Mikkonen et al. 2007 ), however the cost of the edible materials used and the difficulty of up-scaling the process lead to difficulties in using these edible films as packaging materials.
The growing interest on identifying new natural sources for edible films production originated a great number of works showing the possible applications of these materials, being polysaccharides such as starch, chitosan, carrageenan, and galactomannans among the most studied materials for edible films production (Bozdemir and Tutas 2003; Mikkonen et al. 2007; Kristo and Biliaderis 2007) . In the last years, have been given special attention to galactomannan polysaccharides from Leguminosae seeds due to their interesting properties when compared with other polysaccharide sources (Aydinli and Tutas 2000; Cerqueira et al. 2009a; Mikkonen et al. 2007; Saurabh et al. 2013) . The physicochemical properties of galactomannans varies among species, being the ratio mannose/galactose of the galactomannan chain one of the most used variables to predict their final properties. They are water soluble polysaccharides forming highly viscous and stable aqueous solutions (Mikkonen et al. 2007 ). Featuring different physicochemical properties, galactomannans are a versatile material used for many applications (e.g. stiffeners and stabilizers of emulsions) (Stephen et al. 2006 ). They are not toxic which allows their use in the textile, pharmaceutical, biomedical, cosmetics and food industries (Kapoor and Srivastava 2005; Saha and Bhattacharya 2010) . The four primary plant sources of galactomannans are locust bean gum (Ceratonia siliqua L.), guar (Cyamopsis tetragonolobus), tara plant (Caesalpinia spinosa) and fenugreek (Trigonella foenum-graecum) (Prajapati et al. 2 0 1 3 ) . R e c e n t l y, s e v e r a l w o r k s c h a r a c t e r i z e d galactomannan films regarding their barrier, mechanical and thermal properties, showing the influence of plasticizers and oil on their properties, and their potential application in food products (Aydinli and Tutas 2000; Bozdemir and Tutas 2003; Cerqueira et al. 2009a; Cerqueira et al. 2011) .
Galactomannans are built up of a β-(1-4)-D-mannan backbone with single D-galactose branches linked α-(1-6) (Blibech et al. 2013) . They differ from each other mainly by the M/G ratio and fine structure (McCleary et al. 1985; Stephen et al. 2006 ). This molar ratio varies with plant origin typically in the range of 1.0-1.1/1.0, 1.6-1.8/1.0, 3.0/1.0 and 3.9-4.0/1.0 for fenugreek, guar, tara, and locust bean gums, respectively (Dea and Morrison 1975; Mudgil et al. 2011) ; these values vary within the same species due to different metabolic processes of the plant, environmental factors and to the extraction method used (Cerqueira et al. 2009b; Chaires-Martínez et al. 2008; Reid and Meier 1970) .
Differences in the fine structure are also pointed as an important factor regarding the final properties of galactomannans. The distribution of D-galactose groups along the mannan chain can have a significant effect on the properties of the galactomannans (Dea et al. 1986b) . The distribution of D-galactosyl groups along the mannan chain is a consequence of the in vivo synthetic mechanism and is represented in Fig. 1 . This mechanism varies from species to species depending on structural differences around the active sites of the enzymes (Dea et al. 1986a ).
Several works have described the behaviour of different sources of galactomannans in aqueous solution, showing the influence of galactomannan structure on their final properties (Cerqueira et al. 2011; Prajapati et al. 2013) . Moreover, the presence of salts or other biopolymers was extensively studied, and it has been shown that solubility, rheology and thermal behaviour are significantly changed with their addition (Cerqueira et al. 2011; Dea et al. 1986a; Mikkonen 2009 ). However, it is still unexplored the way that galactomannan structure can influence the properties of edible films (i.e. upon solvent evaporation).
This work explores and provides an insight of the influence of mannose/galactose ratio and fine structure of galactomannans on physicochemical properties of edible films prepared thereof.
Experimental Film preparation
Five sources of galactomannans have been used for films preparation. Guar gum (GG) and Locust bean gum (LBG) with G/M ratios of 1.7 and 3.4, respectively, were purchased from Sigma-Aldrich (USA). Adenanthera pavonina (AP), Caesalpinia pulcherrima (CP) and Sophora japonica (SJ) gums with G/M ratios of 1.3, 2.9 and 5.6, respectively, were obtained as described by Cerqueira et al. (2009b) . Films were prepared adding 1.5 g of galactomannan powder to 100 mL of distilled water at 25 ± 1°C and left in agitation during 24 h. Afterwards the solutions were heated to 60°C in a thermostatic bath with stirring and left in agitation for 2 h. 0.5 g of glycerol (Panreac, Barcelona, Spain) was then added to the solution and left in agitation for 1 h. After this, the solution was left overnight at room temperature with agitation. The films were prepared casting 28 mL of each galactomannan solution onto 9 cm diameter plastic Petri dishes. The films were dried in an oven at 35°C for 16 h yielding a film thickness, measured by a micrometre (293-561, Mitutoyo, USA), of approximately 70 μm. The films were peeled and left to stabilize at 25 ± 1°C and 53 % RH Mg(NO 3 ) 2 .6H 2 O before analyses.
Water vapour permeability
Water vapour permeability (WVP) was determined gravimetrically following the methodology used by Martins et al. (2012) adapted from the ASTM E96-95 (1992) method. Three samples were cut from each film. Each sample was sealed on a permeation cell (cup containing distilled water at 100 % RH; 2.337 × 10 3 Pa vapour pressure at 20°C), and placed in a desiccator containing silica gel (0 % RH; 20°C). The water transferred through the test films was determined from cup weight loss over time. The steady state of weight loss was reached after 10 h. Experiments were performed in triplicate for each film formulation.
Oxygen and carbon dioxide permeability
Oxygen permeability (O 2 P) and carbon dioxide permeability (CO 2 P) were determined following the method used by Cerqueira et al. (2009a) based on the ASTM D3985-02 (2001) method. The films were sealed between two chambers, having each one two channels. In the lower chamber O 2 (or CO 2 ) was supplied at a controlled (J & W Scientific, ADM 2000, USA) flow rate to maintain its pressure constant in that compartment. The other chamber was purged by a stream of nitrogen, also at controlled flow. Nitrogen acted as a carrier for the O 2 (or the CO 2 ). In the case of O 2 P measurement, the flow leaving this chamber was connected to an O 2 sensor (Mettler Toledo, Switzerland) which measured the O 2 concentration in that flow on-line. In the case of CO 2 P measurement the flow leaving this chamber was collected in a syringe for CO 2 quantification. To determine CO 2 concentration, 0.5 mL of sample was injected in a gas chromatograph (Chrompack 9001, Middelburg, Netherlands) at 110°C with a column Porapak Q 80/100 mesh 2 m × 1/8″ × 2 mm SS, using a flame ionization detector (FID) at 110°C. Helium at 23 mL min −1 was used as carrier gas. A standard mixture containing 10 % CO 2 , 20 % O 2 and 70 % N 2 was used for calibration. The flows of the two chambers were connected to a manometer to ensure the equality of pressures (both at 1 atm) between both compartments. As the O 2 (and the CO 2 ) was carried continuously by the nitrogen flow, it was considered that partial pressure of O 2 (and the CO 2 ) in the upper compartment is null, therefore ΔP is equal to 1 atm. Three replicates were obtained for each sample, in each case (O 2 P and CO 2 P).
Water solubility and moisture content
The solubility in water (S) was determined according to Casariego et al. (2009) . Samples of each galactomannan film (2.0 cm in diameter) were immersed in a cup with 50 mL of distilled water that were then kept under mechanical shaking (70 rpm) at 20°C for 24 h. After this period, the samples were removed from the solution and dried to constant weight in an oven at 105°C for 24 h. The initial dry mass was determined knowing the moisture content of sample. Moisture content was determined by drying the films at 105°C during 24 h (until the equilibrium weight was attained). Three replicates were obtained for each sample.
Contact angle
Water contact angle (°) of the film surface was measured according to Kwok and Neumann (1999) in a face contact angle meter (OCA 20, Dataphysics, Germany) using the sessile drop method. A 2 μL droplet of ultra pure water was placed on the horizontal surface of the galactomannan films, with a 500 μL syringe (Hamilton, Switzerland), with a needle (0.75 mm diameter). Nine replicates of contact angle measurements were performed at 20.5 ± 0.3°C.
Tensile strength and elongation-at-break
Tensile strength (TS) and elongation-at-break (EB) were measured according to Cerqueira et al. (2009a) with an Instron Universal Testing Machine (Model 4500, Instron Corporation) following the guidelines of ASTM D 882-91 (1991) . The initial grip separation was set at 30 mm and the crosshead speed was set at 5 mm min −1
. TS was expressed in MPa and was calculated by dividing the maximum load (in N) by the initial crosssectional area (in m 2 ) of the specimen. EB was calculated as the ratio of the final length at the point of sample rupture to the initial length of a specimen (30 mm) and expressed as a percentage. According to the ASTM standard, film strips with a length of 45 mm and a width of 20 mm were used. TS and EB tests were replicated seven times for each sample.
Glass transition temperature
Glass transition temperature (T g ) was determined using a Differential Scanning Calorimetry (Shimadzu DSC-50, Shimadzu Corporation, Kyoto, Japan) calibrated with Indium as standard. Ca. 10 mg of the sample was placed in aluminium DSC pans (Al crimp Pan C.201-52943). The , being T g determined at the second heating run.
Statistical analyses
Statistical analyses were performed using Analysis of Variance (ANOVA) and Tukey test (p < 0.05) was used to determine any significance of differences between specific means (SigmaPlot 11.0 2008, Germany).
Results and discussion
Permeability to gases Table 1 shows permeability values of the films where is showed that WVP and , respectively. The higher values of WVP for increasing M/G ratio can be explained by the decrease in galactose content which leads to a better hydration of the inter-chain space and promote the diffusion of water molecules. Chandrasekaran et al. (1998) conducted an X-ray diffraction test with a prototype mannan chain with eight galactose units as side chains. They sequentially depicted the galactose units and concluded that gaps in the middle of the structures were immediately noticeable. This led to a disruption of the crystalline arrangement and the surrounding water moved in to the gaps and caused hydration (Chandrasekaran et al. 1998) .
For higher M/G ratios galactomannan-based films present a distinct behaviour, being observed the decrease of WVP values for higher M/G ratios. WVP values for LBG and SJ galactomannan films were 9.16 and 8.06 × 10 −11 g (m Pa s)
, respectively. In the case of SJ galactomannan, with an M/G ratio of 5.6, the low content of galactose results in a galactomannan chain with a great number of free mannan units. This causes a denser packing of the galactomannan chains, being more difficult for the water molecule to diffuse (Chandrasekaran et al. 1998; Kurt and Kahyaoglu 2014 
Solubility, water content and contact angle
Food applications may require water insolubility to enhance product integrity and water resistance, or good water solubility if the film is meant to be dissolved quickly (Ghasemlou et al. 2011; Wan et al. 2015) . The sensitivity of films to water can be evaluated by measuring solubility, water content and contact angle.
The solubility values obtained for AP, GG and CP galactomannan films were 64.39, 81.08 and 92.75 %, respectively (Table 2) (Ahmadi et al. 2012; Ghasemlou et al. 2011) . Also, the crystalline arrangement of galactomannan films can influence their water solubility; according to Chandrasekaran et al. (1998) the removal of D-galactosyl units from the mannan chain induces a change in their crystallinity leading to hydration that will influence water solubility. This can explain the low solubility of LBG and SJ films and the higher solubility values for the three films (AP, GG and CP) with more galactose content. For galactomannan films with higher M/G ratio, the more hydrophobic mannan chains will contribute to decrease films water solubility (Mikkonen 2009 ). This happens due the low galactose content and the consequent denser packing of the mannan chains which generate stronger inter-chain connections and consequently more water-resistant films. These results are in agreement with WVP values (please see Permeability to gases section) where CP films present the highest WVP value. Indeed, it is widely known that permeability is influenced by the diffusion coefficient and solubility. A different behaviour is observed for contact angle and water content values. Results showed a lower water affinity for CP films, when contact angle and water content are measured. Contact angle and water content provide information regarding the sorption of water molecules to the film structure, being also related with the hydrophobicity of the film surface, thus being lower for CP films. Figure 2 shows the values of tensile strength (TS) and elongation-at-break (EB) for the films for increasing M/G ratios. EB increases (36.58, 50.76 and 69.72 %) with the increase of the M/G ratio for AP, GG and CP films, respectively. For higher M/G ratios the EB values drop to 47.34 and 40.34 % for LBG and SJ films, respectively.
Mechanical and thermal properties
TS values follow the inverse of those obtained for EB; they are high at low M/G ratios, rising again for high M/G ratios. TS values were 6.56, 3.67, 2.56, 1.37 and 6.86 MPa for AP, GG, CP, LBG and SJ films, respectively. Results are in agreement with published works for other galactomannan-and polysaccharide-based films. Saurabh et al. (2013) presented TS values of 6 MPa for GG films plasticized with glycerol at 40 % w/w of polysaccharide. Cerqueira et al. (2009a) reported TS values from 2.5 to 4 MPa for films of AP and CP galactomannans with varying glycerol concentrations. Mikkonen (2009) performed a stepwise enzymatic modification with α-galactosidase to remove galactose side groups from a GG galactomannan and concluded that the depletion of galactose from the mannan chain makes the subsequent films to have higher EB values, ranging between 4 and 55 % for GG films and between 10 and 70 % for LBG films, depending on the plasticizer concentration (Mikkonen et al. 2007 ). Kurt and Kahyaoglu (2014) reported a EB value of 37.2 % for salep glucomannan films whereas Mali et al. (2005) obtained EB values between 10.3 and 47.0 % for yam starch-based films. Tavares et al. (2005) stated that a high number of D-galactosyl units seems to obstruct galactomannan-galactomannan interactions. In the present work this obstruction seems to create more flexible films for the AP, GG and CP galactomannans. Consequently, TS values for these three films decrease with the increase of EB values. Similar results were described in the work of Cerqueira et al. (2009a, b) , where for AP films with concentrations of glycerol ranging between 0.5 and 1.5 % the EB increased and TS decreased with the increase of glycerol concentration.
Higher values of TS for SJ films can be explained by the denser packing of the mannan chains. Kurt and Kahyaoglu (2014) found that glucomannan-based films had higher tensile strengths compared to GG and LBG films. This occurred mainly because of the acetyl groups of glucomannan, which are smaller than those of galactomannan, resulting in higher hydrogen bonding frequency. The depletion of galactose probably enables side chains to pack and to establish hydrogen bonds more easily, thus increasing TS values.
The values of T g of edible films can be used to clarify whether the film is brittle or rubbery and at which temperature this transition happens (Mali et al. 2005) . Antoniou et al. (2014) tested the thermo mechanical properties of tara gum films for different concentrations of glycerol. For a concentration of 0.15 % they found one T g peak at −46.7°C, and with the increase of the plasticizer to 0.30 % two T g peaks were clearly noticeable.
In the present work the films were plasticized with 0.5 % of glycerol and only one T g peak was found. The values of T g were −66.7, −69.5 and −71.3°C for AP, GG and CP films, a-c Means (n = 2 for water content, n = 3 for solubility and n = 9 for contact angle) in the same column with different superscripts are statistically different (p < 0.05) respectively. The M/G ratio and the fine structure of the polymer chain have an important role in the T g values, as verified by Chaires-Martínez et al. (2008) . Mikkonen et al. (2007) found two T g peaks for native GG films with glycerol and one T g peak for a depleted GG galactomannan film. The T g1 of the native GG film was −64°C, which is identical to the T g found for GG films in this work (Table 3) . Regarding the T g2 of Mikkonen's work for galactomannan films, it was found that it decreases with depletion of galactose units. They verified that with the increase of the M/G ratio the value of T g decreases, and this has also occurred for the three galactomannans with the lowest M/G ratios in the present work. For LBG and SJ films T g starts to increase to values of −63.53 and −65.34°C, respectively. The distribution of the galactose units in the mannan chain can affect T g values (Bresolin et al. 1998; Chaires-Martínez et al. 2008 ) and can explain the increase of those values for galactomannan films with higher M/G content.
Galactomannan structure
From the presented results it is clear that the structure of galactomannans has a strong influence in films properties. There are three main characteristics to be taken into account for the formulation of galactomannan films with tailored properties: the M/G ratio, molecular weight and the distribution of the D-galactosyl units along the mannan chain. These three characteristics are closely related and should not be evaluated separately.
In this work only the M/G ratios where evaluated and it can be concluded that for films of galactomannans with lower M/ G ratios, and well-distributed galactose units along the mannan chains, is expected low WVP, solubility and EB values. This can be explained by the high galactose content of AP and GG, where mannan chains are not easily accessible for interchain associations. Moreover, according to Chandrasekaran et al. (1998) , water would not be able to enter the inter-chain space because of the highly branched galactomannans. The same authors report that when galactose is removed holes will be formed between the chains and water will enter the gaps formed by this depletion, leading to higher values of WVP and solubility as well as to the increase of EB due to the plasticizing effect of water. This explains the variation of these properties for the films with intermediate M/G content. For low galactose content and consequently high M/G ratio there will be free mannan chains to interact with each other. Dea et al. (1986b) describes this stronger interactions for low galactose content galactomannans and for those which have high frequency of unsubstituted blocks of at least 6 mannans. The properties of the films studied in the present work are in agreement with these premises. For films based in galactomannans with higher M/G ratio, mannan chains get closer and stronger inter-chain linkages are formed leading to a Brepelling^effect towards water. When evaluating the AP and SJ galactomannans (which have the lowest and highest M/G content, respectively) films properties, it is possible to state that they have similarities in every analysed property. This can be due to the statistically random distribution of D-galactosyl units in the SJ galactomannan backbone. The LBG films present a solubility of 31.39 % and a TS of 1.37 MPa, while SJ films present a solubility of 51.67 % and a TS value of 6.86 MPa. The comparison of LBG and SJ galactomannans' behaviour in solution showed that LBG has stronger inter-chain interactions than SJ (Dea et al. 1986a ). This happens because of the non-statistically random distribution of galactose in the LBG galactomannan. For galactomannans having this kind of fine structure the interactive properties are mainly associated with the unsubstituted regions of the mannan backbone (Dea et al. 1986b ) which leads to distinct film properties. For example in mechanical and thermal analysis the LGB films showed unexpected values if based solely in the criterion of M/G ratio. Thus the different fine structure of this galactomannan seems to have an Fig. 2 Elongation-at-break and tensile strength of AP, GG, CP, LBG and SJ galactomannan films with an M/G ratio of 1.3, 1.7, 2.9, 3.4 and 5.6, respectively. a-d Means (n = 7) in the bars with different superscripts are statistically different (p < 0.05) important effect in the properties described and further studies should be performed in order to relate fine structure and final properties of galactomannan-based films.
Conclusion
It is possible to produce films with predetermined properties taking into account the different galactomannan sources. Water affinity of the films, as expected for polysaccharidebased films, has a great influence in their final properties. This work has shown that mannose/galactose ratios influences galactomannan-based edible films' final properties. It can thus serve as a guide for the use of galactomannans as alternatives to non-edible coatings and may also be a guide for the study of the influence of galactomannans structure in edible film properties.
